G protein-coupled receptor inactivation is a crucial feature of cellular signaling systems; this process determines the catalytic lifetime of the activated receptor and is necessary for response termination. Although previous work has indicated a class of models in which several sequential steps are required for receptor inactivation, the rate-limiting event is still unclear. In this paper, we develop a theory that describes the kinetics of inactivation of the G protein-coupled receptor rhodopsin based on the rate of arrestin binding and test the theory using a combination of genetic and electrophysiological techniques in Drosophila photoreceptors. The theory quantitatively describes the inactivation kinetics of activated rhodopsin in vivo and can be independently tested with molecular and spectroscopic data. The results demonstrate that the rate of arrestin binding determines the kinetics of receptor inactivation in vivo and thus is the event that controls signal amplification at the first step of this G proteincoupled transduction cascade.
Introduction
G protein-coupled receptors form a large superfamily of cell surface proteins containing seven transmembrane domains that transduce the arrival of extracellular signals into a change in the levels of specific intracellular effector molecules through the activation of heterotrimeric GTPbinding proteins. Members of this family include receptors for light, odorants, neurotransmitters, and hormones. In photoreceptor neurons, the G protein-coupled receptor rhodopsin mediates phototransduction, the biochemical process by which the energy of an absorbed photon is converted into a graded change in the ionic permeabilities of the plasma membrane (reviewed by Ranganathan et al., 1995) . Since the temporal resolution of the retina is determined by the ability to inactivate electrical responses between sequentially arriving stimuli, phototransduction systems have evolved efficient regulatory mechanisms that rapidly shut off activated intermediates created during the signaling process. For example, activated rhodopsin (called metarhodopsin) is functionally inactivated within milliseconds in vivo (Richard and Lisman, 1992) , although, 1Present Address: Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115. when isolated, its lifetime in spectroscopic experiments has been shown to range from minutes to several hours (Schwemer, 1984; Kt~hn and Wilden, 1987) . The inherent stability of the active state of the receptor illustrates the need for regulatory mechanisms that inactivate and regenerate the receptor molecules in order to maintain fast transduction kinetics with high photosensitivity.
The mechanisms of G protein-coupled receptor inactivation and regeneration have primarily been studied in vitro in bovine rhodopsin (Palczewski and Benovic, 1991) and in I~-adrenergic receptors (Roth et al., 1991; Collins et al., 1990) and are thought to be well conserved in members of this receptor superfamily. The inactivation of metarhodopsin requires the sequential action of at least two proteins, rhodopsin kinase and arrestin ( Figure 1A ). In the current model, metarhodopsin, but not rhodopsin, is asubstrate for rhodopsin kinase, which phosphorylates the receptor at a cluster of serine and threonine residues at the COOH-terminus of the protein (McDowell and K0hn, 1977; Yamamoto and Shichi, 1983; K(Jhn et al., 1984; Thompson and Findlay, 1984) . Although phosphorylation may reduce the activity of metarhodopsin, it is not sufficient for full inactivation under physiological conditions. However, phosphorylated metarhodopsin becomes a substrate for the abundant cytosolic protein arrestin, which is thought to terminate the active state of the phosphorylated receptor stoichiometrically, possibly by competitively inhibiting the interaction of the receptor and G protein (Wilden et al., 1986; K(Jhn and Wilden, 1987) . Metarhodopsin phosphorylated at even one site is an excellent substrate for arrestin (Bennett and Sitaramayya, 1988) , suggesting that arrestin binding could be the event that inactivates the receptor in vivo.
Metarhodop~activation in Drosophila photoreceptots is thought to be similar in overall scheme to the model described above, although the molecular events are less well characterized biochemically. Photoactivated rhodopsin undergoes COOH-terminal phosphorylation in a manner similar to that described above for vertebrate rhodopsin (Matsumoto and Pak, 1984) , although the functional significance of this modification is not yet understood. Also, two arrestin genes, arrl and arr2, have been isolated in this system Hyde et al., 1990; Levine et al., 1990; Yamada et al., 1990) , both of which are expressed in all photoreceptors (R1-R8) in the eye (Dolph et al., 1993) and whose protein products share extensive amino acid identity (51%). These arrestins have at least partially redundant functions in phototransduction (Dolph et al., 1993) , although the arr2 protein is severalfold more abundant than art1 (Levine et al., 1990; Matsumoto and Yamada, 1991) . In Drosophila, as in most invertebrates, the inactive arrestin-bound metarhodopsin species is a stable complex in the dark, but can absorb another photon to isomerize to phosphorylated rhodopsin, thereby releasing arrestin (Byk et al., 1993) (Figure 1A ). Phosphorylated rhodopsin is subsequently dephosphorylated to regenerate functional receptor molecules. 
(t), M(t), and B(t).
The transitions from R to M and from B to R are controlled by light absorption, and the transition from M to B is controlled by the bimolecular interaction with arrestin (Art). This forms the conceptual basis for the quantitative theory described in the text.
The stoichiometric requirement of arrestin in vivo for the inactivation of metarhodopsin was demonstrated through the isolation and characterization of Drosophila mutants defective in arrestin function (Dolph et al., 1993) . Hypomorphic alleles were isolated in both arrestin genes, and electrophysiological analysis of these mutant photoreceptors revealed that a significant loss of arrestin function leads to defective metarhodopsin inactivation, resulting in abnormally slow deactivation of the light response. Abnormal metarhodopsin inactivation in arrestin mutants was demonstrated by a reduced threshold for induction of a pathological state of the Drosophila photoreceptor known as the prolonged depolarizing afterpotential (PDA). A PDA is a sustained photoresponse triggered in wild-type cells by substantial photoconversion (>20%) of rhodopsin to metarhodopsin (Minke, 1986) . During a PDA, photoreceptore are refractory to further light stimuli and are said to be inactivated. A PDA can be terminated by the photoconversion of metarhodopsin back to rhodopsin, indicating that unregulated metarhodopsin activity sustains the afterpotential. Thus, a PDA represents the reversible saturation of metarhodopsin-inactivation mechanisms in the cell. The analysis of arrestin mutant photoreceptors showed that the amount of rhodopsin isomerization required to induce a PDA matches the amount of arrestin in the cell. Thus, the generation of excess metarhodopsin over free arrestin represents the basis of the PDA, and arrestin is required stoichiometrically for metarhodopsin inactivation in vivo.
What is the functional significance of the binding of arrestin for the rate of receptor inactivation? Indeed, the current view of metarhodopsin inactivation presented above suggests a multistep inactivation process, in which one of several events may set the inactivation rate. For example, phosphorylation of metarhodopsin, arrestin binding, the dissociation of Gcz, or conformational changes induced in metarhodopsin by any of these steps could each represent rate-determining events. The resolution of this issue has important functional consequences, since the lifetime of activated rhodopsin determines the gain in the first step of phototransduction and thus influences the overall sensitivity of the photoreceptor cell. In addition, the rate of metarhodopsin inactivation contributes to determining the temporal resolution of phototransduction. The rate.limiting process for receptor inactivation would therefore represent an important control mechanism driving photoreceptor adaptation and deactivation.
In this paper, we have formalized a model for metarhodopsin inactivation in which the stoichiometric binding of arrestin determines the receptor inactivation rate. This simple bimolecular reaction scheme leads to specific predictions about the dependence of the kinetics of receptor inactivation on free arrestin concentrations. We show that these predictions are fully supported by electrophysiological measurements of metarhodopsin inactivation in dissociated Drosophila photoreceptors, where cytosolic arrestin levels are manipulated using both genetic and physiological techniques. In addition, a further test of the model through independent measurement of internal parameters using molecular and spectroscopic techniques demonstrates a good fit with the electrophysiological data. These results show that arrestin binding determines the kinetics of metarhodopsin inactivation in vivo.
Results

Genetic Manipulation of Arrestin Levels
To examine the role of arrestin in metarhodopsin inactivation, we first investigated the effect of genetic manipulation of arrestin levels on light-activated currents in isolated Drosophila R1-R6 photoreceptors. If arrestin binding controls metarhodopsin inactivation, then overexpression of arrestin should increase the rate of receptor inactivation and underexpression of arrestin should slow receptor inactivation. Since the kinetics of metarhodopsin inactivation contributes to determining the deactivation kinetics of the photoresponse, these manipulations would be expected to affect the rate of current deactivation appropriately. Indeed, we have previously shown that hypomorphic arrestin mutants (arr2 s and arr11;arr2~), expressing approximately 8-fold and 80-fold less total arrestin, respectively, have significantly slowed light-activated current deactivation (Dolph et al., 1993) , demonstrating that arrestin is necessary for the rapid kinetics of this process. To illustrate the arrestin mutant phenotype, Figures sponses from three different cells was analyzed. The bracketed numbers represent levels of arr2 protein relative to wild-type. Both w and Canton-S Drosophila stocks are considered to be wild-type with regard to phototransduction, and no differences in slectrophysiological measurements are noted between the two (R. R., unpublished data).
art23, ~ = 1402 _+ 150.9 ms). Thus, arrestin is necessary for normal photoreceptor deactivation. We next asked whether raising arrestin levels over those in wild-type cells is sufficient to increase the kinetics of current deactivation. Figure 3 shows an immunoblot characterizing arr2 expression in wild-type heads (w 1"8) and in heads from flies homozygous for a transgene containing a wild-type copy of the arr2 gene (P[arr2] ) under the control of the err2 promoter. As expected, densitometric scans show that flies carrying the transgene express approximately twice the amount of arr2 as wild-type cells (P[arr2] l wild-type = 1.93). Interestingly, whole-cell recordings from these photoreceptors show that current deactivation is in fact twice as fast as in wild-type cells (see Figure 2D ; wild-type, ~ = 18.8 _+ 2.9ms; P[arr2],~ = 9.2 _+ 0.41 ms). Figu re 2D shows a quantitative analysis of the deactivation phenotypes of P[arr2], wild-type, arr23, and art1 ~;arr23 photoreceptors, showing a striking linear dependence of current deactivation over a nearly 200-fold range of arrestin levels. Since arrestin is known to be involved in metarhodopsin inactivation in Drosophila (Dolph et al., 1993) , these results provide strong qualitative support for the concept that arrestin'stoichiometricaily controls the rate of receptor inactivation in wild-type Drosophila photoreceptors.
How can we more directly study the mechanism and site of action of arrestin in vivo? A quantitative study of arrestin function requires the ability to measure accurately the kinetics of metarhodopsin inactivation and to compare these data with expected values for an inactivation mechanism based on the binding of arrestin to metarhodopsin. To carry out this analysis, we have taken advantage of the finding that although metarhodopsin inactivation is not rate limiting for current deactivation in wild-type photoreceptors (Richard and Lisman, 1992) , the slow deactivation of the light-activated currents in hypomorphic arrestin mutants is likely to be rate limited by metarhodopsin inactivation. For example, previous work has shown that current deactivation in art23 photoreceptors has novel characteristics of direct dependence on the number of activated rhodopsins and of increased electrical noise that are consistent with the idea that metarhodopsin inactivation has become the rate-limiting step in the termination of the signaling process (Dolph et al., 1993) . If so, then the kinetics of current deactivation in art2 mutant photoreceptors should provide a sensitive assay for the rate of metarhodopsin inactivation and should be well described by a simple theory based on the bimolecular interaction of cytosolic arrestin with metarhodopsin. consists of a wild-type copy of the err2 gene driven by the photorecsptor-specific err2 promoter (Dolph et el., 1993 
A Kinetic Model for Metarhodopsin Inactivation
Consider the possibility that the stoichiometric association of arrestin is the rate-limiting step in terminating the active state of the receptor and that all other molecular events either are kinetically fast enough to not influence this process or are not necessary for this process. In this case, the multistep model for metarhodopsin inactivation (see Figure 1A) can be simplified into a three-state system in which rhodopsin can only exist in the following forms that are significant for phototransduction: R, inactive rhodopsin (11-cis chromophore); M, active metarhodopsin (alltrans chromophore); and B, inactive metarhodopsin bound to arrestin (all-trans chromophore) (compare Figures 1A  and 1B) . The transitions from R to M and from B to R are controlled by light absorption, and the transition from M to B is controlled by the bimolecular interaction of M with arrestin. If R, M, and B are expressed as fractions of total rhodopsin in the cell, then by conservation: R + M + B = 1. If we define the quantity of total arrestin in the cell, f, as a fraction of total rhodopsin, then the quantity of free cytosolic arrestin available at time t is given by f -B(t). Thus, the rate of metarhodopsin inactivation can be described by simple bimolecular reaction kinetics 
Thus, given weak-intensity stimuli that generate small amounts of metarhodopsin, the tail of the metarhodopsin inactivation curve should be well approximated by an exponential function with a rate constant of ;~ = kC. A sufficient theory for metarhodopsin inactivation must be able to account for previously known features of this process, including the generation of the PDA. Note that the constant C has direct physical meaning; it can be either positive or negative and represents the balance between fractions of free arrestin and metarhodopsin just created by a light flash. Thus, for C > 0, the available arrestin pool (f -Bo) is sufficient to inactivate all metarhodopsins created (Mo), but for C ~< 0, arrestin levels will be fully depleted and will result in a PDA driven by remaining active metarhodopsins. The threshold for PDA induction (C = 0) is therefore determined by Mo = (f-Bo), or the threshold for dark-adapted photoreceptors, where Bo is near 0, by Mo = f. This result fully agrees with previous work showing that PDA induction is determined by the arrestin to rhodopsin ratio (Dolph et al., 1993) .
Experimental Test of the Model
If the theory accurately models the rate-limiting mechanisms in metarhodopsin inactivation, then kinetic predictions derived from the equations presented above should quantitatively agree with experimental measurements of metarhodopsin inactivation, For example, consider a case in which sequential light flashes are presented to a darkadapted photoreceptor (Bo=O), in which each flash is weak enough such that only a small proportion of rhodopsin (R) is converted to metarhodopsin (M). If the stimulus wavelength is chosen at the spectral absorption maximum of rhodopsin (where photoconversion of R to M is greatly preferred to photoconversion of B to R), then each flash should cause an equivalent fraction of cytosolic arrestin to become membrane bound by association with metarhodopsin. Thus, each flash will deplete cytosolic arrestin levels by an amount equivalent to generated metarhodopsin. By principles of bimolecular reaction kinetics, this stepwise depletion of cytosolic arrestin levels should lead to incremental decreases in the rate constant for metarhodopsin inactivation in a manner quantitatively predicted by the theory. Specifically, after n flashes, each of which produce Mo metarhodopsin, the rate constant for metarhodopsin inactivation is predicted to be ;~. = kC. = kf-nkMo.
(4)
Thus, the rate constant for metarhodopsin inactivation should vary linearly with the number of flashes with a slope of -kMo and an intercept of kf.
To test this prediction, we carried out whole-cell recordings of light-activated currents from dissociated darkadapted art2 ~ photoreceptors and characterized the kinetics of current deactivation. Cells were voltage clamped at -40 mV and stimulated with sequential weak 10 ms flashes of light at the spectral absorption peak of rhodopsi n (480 nm). Figure 4A shows four superimposed traces from such a cell at various flash numbers, demonstrating that, as expected, the current relaxation kinetics become incrementally slower with the history of light exposure. We analyzed this relationship by fitting a single exponential function to the tail of each light response and calculating the deactivation rate constant. Figures 4B-4F show plots of the rate constants against the flash number for five cells with a linear fit through the data, demonstrating that in fact the rate constant varies linearly with the number of light stimuli. This finding is in full agreement with the relationship predicted by equation 4 and thus strongly supports the model that metarhodopsin inactivation is rate controlled by the stoichiometric binding of arrestin. 
An Independent Test of the Theory
The data presented above show that the qualitative behavior of the model is consistent with the experimental measurements of metarhodopsin inactivation. To further test the accuracy of the model, we asked whether quantitative predictions of metarhodopsin inactivation kinetics derived from completely independent measurements of the internal parameters of the theory yield results that match the experimental data. Equation 4 shows that the rate constant for metarhodopsin inactivation is a function of four independent variables: k, the association constant of arrestin and metarhodopsin; f, the total arrestin to total rhodopsin ratio; Mo, the fraction of rhodopsin converted to metarhodopsin by each light flash; and n, the number of flashes given. Although we have no independent estimate of k, we can make reasonable estimates of both f and Mo. Since saturation of cytosolic arrestin levels results in a PDA (Dolph et al., 1993) , the arrestin to rhodopsin ratio can be directly determined from the threshold of rhodopsin photoconversion required for PDA induction. This analysis suggests a value for f in arr23 mutants of 0.025 _+ 0.003. In concordance with this derived value, quantitative Northern blot analysis (Levine et al., 1990) and densitometric scanning of two-dimensional protein gets (Matsumoto and Yamada, 1991) have demonstrated relative abundances of arrestin in Drosophila photoreceptors that result in similar estimates. To measure Mo, we made use of spectroscopic techniques that allow the calculation of rhodopsin photoconversion given the photon flux during stimulation and the photosensitive area of the rhodopsin molecule (Baylor et al., 1979; reviewed by Dartnall, 1972) . Using measurements of photon flux obtained with a calibrated photodiode, we determined that each flash of 480 nm light isomerized 0.028% of rhodopsin to metarhodopsin. For comparison with the experimental data, we have calculated a parameter (x, defined as the intercept to slope ratio (see equation 4) in order to eliminate the unknown parameter k:
The quantity c~ only depends on parameters that we can independently measure and allows us to test the validity of the model by comparing the derived value of c~ with that measured in our experimental data. The estimated values given above indicate an intercept to slope ratio of -87.72 ___ 17.54. Remarkably, the intercept to slope ratio calculated from the electrophysiological data from five cells, shown in Figure 3 , is -99.19 _ 39.29, which is in good agreement with the predicted value ( Figure 5 ). These results provide an independent confirmation of the model that arrestin binding determines the kinetics of metarhodopsin inactivation.
Discussion
The inactivation of G protein-coupled receptors has im- Figure 4 and from values obtained for f and Mo (bottom bar) through independent measurement of the variables of the model as described in the text. Errors in the slope and intercepts measured were calculated through statistical analysis of the data in Figure 4 . Errors in the ratio ~ in both measurements were calculated from the propogation of errors rule for a general function F(x,y) = x/y, given errors in x and y.
portant functional consequences for all G protein-mediated signaling systems. This process is required for proper signal transduction and is in some cases required for cell viability (Dolph et al., 1993) . The rate-limiting process for receptor inactivation has a special functional role; it determines the catalytic lifetime of the receptor (and therefore the magnitude of signal amplification) and partially controls the temporal resolution of the signaling cascade. The results presented in this paper suggest that one event in the multistep process of G protein-coupled receptor inactivation, the binding of arrestin, represents the ratedetermining step in receptor inactivation in Drosophila photoreceptors. Experimental manipulation of arrestin levels showed that metarhodopsin inactivation and therefore photoreceptor deactivation are sensitive to arrestin concentration over a wide range and that a simple bimolecular reaction model accurately describes the mechanism of inactivation of metarhodopsin. Interestingly, these data also suggest that other steps thought to be required for this process, such as phosphorylation of metarhodopsin or dissociation of G protein, do not significantly influence the rate of receptor inactivation in these cells. An interesting proposal that follows from these results is that the molecular mechanisms that regulate the lifetime of activated G protein-coupled receptors may act through regulation of arrestin function. Recent work has shown that arrestins in Drosophila are rapidly phosphorylated in a calcium-and light-dependent manner (Byk et al., 1993; Matsumoto and Yamada, 1991) , although the function of these phosphorylations remains unknown. Also, elegant experiments by Richard and Lisman (1992) have shown that changes in photoreceptor adaptation, which are mediated by changes in cytosolic calcium levels, regulate the lifetime of metarhodopsin in Limulus photoreceptors. These findings raise the possibility that the calcium dependence of metarhodopsin lifetime may come through the calcium-dependent phosphorylation of arrestin. If so, then the association constant for arrestin binding, k, should be a function of cytosolic calcium levels and should depend on phosphorylation state. These hypotheses should be testable through in vivo mutational analysis of the phosphorylation sites on arrestin.
A striking feature of G protein-coupled receptor inactivation is the conservation of many of the molecular mechanisms among a wide range of cellular signaling cascades that otherwise show considerable divergence. Indeed, arrestins from distinct signaling pathways such as phototransduction and I~-adrenergic signal transduction share a great deal of primary structural similarity, and arrestin molecules have been isolated from a wide variety of cell types from evolutionarily diverged species (reviewed by Lefkowitz et al., 1992) . Thus, the rate-determining role of arrestin binding for receptor inactivation may be a property conserved in many G protein-coupled signaling systems.
Experimental Procedures
Derivation of Equations
Let R(t), M(t), and B(t) represent the fractions of total rhodopsin in each photoreceptor cell in the resting rhodopsin, active metarhodopsin, and inactive arrestin-bound metarhodopsin forms, respectively, as described in the text. Also, let f represent the ratio of total arrestin to rhodopsin in each cell. As diagrammed in Figure 1 S, the inactivation of active metarhodopsin (M(t) ) is described by the bimolecular interaction with free cytosolic arrestin Solving algebraically for M(t), we obtain the expression
Note that if M(t) has decayed to levels small compared with C, then equation 1A can be well approximated by a simple first order differential equation,
dM(t) = -kCM(t), dt
and in this case,
and M(t) should decay exponentially with a rate constant,
If a weak light flash photoconverts only a small fraction of R to M (small Mo), then the total fraction of rhodopsin isomerized after n flashes will be close to nMo. In this case, the rate constant after n flashes will be ; ',.. = kC. = k(f -nMo -Bo) or, in dark-adapted photoreceptors, where Bo is near 0,
Thus, the rate constant in this special case should vary linearly with a slope of -kMo and an intercept of kf.
Immunoblots
We sonicated 10 fly heads of each genotype tested in SDS-Laemmli buffer (Laemmli, 1970) , and one tenth of each sample was electrophoresed on a 10% SDS-polyacrylamide gel. The gel was transferred to nitrocellulose using standard techniques and incubated with an arr2 antibody (Dolph et al., 1993) . Immunoreactive proteins were detected using a chemiluminescent indicator.
Electrophysiology
Retinas were rapidly dissected from heads of late-stage p15 Drosophila pupae of the indicated genotype and chopped in 10 p.I of divalentfree modified Drosophila Ringer's solution (120 mM CsCI, 4 mM KCI, 10 mM HEPES, 32 mM sucrose [pH 7.15] with CsOH) on a glass plate. The resulting suspension was gently triturated through a fine pipette tip and allowed to settle under recording solution onto a clean glass coverslip forming the bottom of the recording chamber. All manipulations were carried out in dim red illumination to avoid significant photoactivation. Photoreceptor clusters were visualized and whole-cell patch-clamp recordings were made as previously described (Ranganathan et al., 1991) . All cells were matched for sensitivity by monitoring quantal responses. Junction potentials were hulled just prior to seal formation, and no changes were made to the ion composition of the bath after establishment of the seal. Most (80%) series resistance errors were compensated for during recording. Signals were amplified with an Axopatch 1 D patch-clamp amplifier (Axon Instruments), filtered at 2 kHz, and digitized at 125 kHz for analysis. Data were analyzed using software written with the Axobasic programming environment (Axon Instruments). Photoreceptors were stimulated with monochromatic light at 480 ___ 10 nm from a filtered Xenon arc lamp source regulated by an electronic shutter and focused through the microscope objective. Recording solutions were as follows: pipette solution, 120 mM CsCI, 4 mM KCI, 10 mM HEPES, 2 mM MgCI2, 0.1 mM CaCi2, 3 mM Mg2+-ATP, 0.5 mM Na*-GTP (pH 7.15); bath solution, 120 mM CsCI, 4 mM KCI, 10 mM HEPES, 0.5 mM CaCI2, 25 mM sucrose, 5 mM proline (pH 7.15).
Calculation of Rhodopsin Isomerization
Calculation of the fraction of rhodopsin isomerized to metarhodopsin by each light flash was based on work previously described by Baylor et al. (1979) and Makino et al. (1991) . Since rhodopsin isomerization is a quantized event (the receptor either isomerizes to metarhodopsin or does not) and since this event is Poisson distributed (Baylor et al., 1979) , the probability that a light flash will cause k isomerizations of a rhodopsin molecule is given by
Pk = e-"(m)~ k~
where m is the mean number of isomerizations per flash, m is proportional to the total photon flux per flash (photons/p_m2), i, m=P/, where P is the photosensitivity of the rhodopsin molecule. P is defined as P = aT, where a is the molecular cross-sectional area of rhodopsin and 7 is the quantum efficiency of isomerization (Goodeve and Wood, 1938) . Experimental measurement of P indicates a value of 10 .8 p.m~/ molecule at the spectral absorption maximum for most visual pigments (Dartnall, 1972; Makino et al., 1991) . From the equations above, we can determine that the probability of no isomerizations (k = 0) is
P[no isomerization] = e -N,
and therefore the probability of isomerization is
This expression is equivalent to the fraction of total rhodopsin isomerized to metarhodopsin by each light flash. Using a calibrated photodiode, we measured the photon flux i in our recording system as 2.85 x 10 ~ photons/p.m2/flash, resulting in a fractional isomerization of 0.000285 per flash.
